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The ice binding motifs of insect antifreeze proteins (AFPs) mainly consist of repetitive TxT motifs
aligned on a ﬂat face of the protein. However, these motifs often contain non-threonines that
disrupt the TxT pattern. We substituted two such disruptive amino acids located in the ice binding
face of an AFP from Rhagiummordaxwith threonine. Furthermore, a mutant with an extra ice facing
TxT motif was constructed. These mutants showed enhanced antifreeze activity compared to the
wild type at low concentrations. However, extrapolating the data indicates that the wild type will
become the most active at concentrations above 270 lmol.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Some ectothermic species inhabiting cold regions have evolved
antifreeze proteins (AFPs) as an adaptation to temperatures below
their body ﬂuids’ melting point. These proteins are characterised
by their ability to lower the freezing temperature of ice without
signiﬁcantly affecting its melting temperature, a phenomenon re-
ferred to as thermal hysteresis or antifreeze activity. AFPs have
been found in a wide variety of organisms, including ﬁsh, [1] spi-
ders, [2] bacteria, [3] plants, [4] fungi [5] and insects [6]. The most
active AFPs have been found in insects and are often denoted
hyperactive.
Common for all AFPs is their ability to become bound to the ice
surface. This feature is the key to the antifreeze activity. The ice
binding sites (IBSs) within the proteins are ﬂat and possess speciﬁc
amino acids regularly arranged in a pattern that reﬂects the
arrangement of water molecules in an ice lattice [7]. This structural
match to ice, likely together with locally bound water molecules inthe IBS, is believed to enable the proteins to become irreversibly
adsorbed onto the ice surface [8].
All known insect AFPs have essentially the same tertiary struc-
ture, being that of a b-helix [9]. One side of this helix contains 4–7
ice binding domains (IBDs) consisting of ﬂat b-sheets that make up
the IBS. Characteristically, the amino acid threonine makes up
every other residue within the IBDs in what is known as ‘TxT’ mo-
tifs, and the stack of these motifs results in rows of threonines
along the length of the IBS. The TxT motif of insect AFPs varies in
width from the shortest TxT found in most known AFP producing
species [10–14] to TxTxTxTxT found in Campaea perlata [15]
Although TxT is the consensus sequence of the ice binding mo-
tifs, many of these have occasionally a threonine substituted with
another amino acid. Often this amino acid is quite similar in struc-
ture to threonine, such as serine or valine, but sometimes larger
obstructive, and often charged, amino acids occur in the IBDs.
Table 1 gives an overview of the sequences of the IBDs of some
known insect AFPs. Several isoforms of the AFPs are known to be
expressed in all the presented species. The sequences presented
in the table are those of the most studied isoforms or the isoforms
for which the tertiary structure is known. Though abundant, not
much is known about the signiﬁcance of the irregularities of the
IBDs. Doucet et al. [10] have addressed this topic by comparing
the activities of two isoforms of AFP from Choristoneura fumiferana,
one with a large obstructive arginine in the IBD and one with an
isoleucine comparable in size with threonine, but observed no
Table 1
Sequences of some known insect IBDsa.
Species Ice binding motif
1 2 3 4 5 6 7
Rhagium inquisitor [27] TxHxKxT TxTxTxT TxTxTxT TxTxTxT TxTxTxT TxTxTxT
Rhagium mordax (RmAFP1) [17] TxHxKxT TxTxTxT TxTxTxT TxTxTxT TxTxTxS TxTxTxT
Campaea perlata (iwAFP-FL#2) [15] TxTxVxTxT TxTxTxTxT TxTxTxRxT TxTxTxTxT
Tenebrio molitor (Tm4-9) [11] AxT TxT TxT TxT TxT TxT AxT
Choristoneura fumiferana (Cf501) [10] VxT TxT IxT VxT TxT TxT TxT
Microdera punctipennis (MpAFP149) [12] AxT TxT TxT TxT TxT TxT AxT
Dendroides canadensis (DAFP-1) [13] SxT AxT TxT TxT TxT AxT
Anatolica polita (ApAFP752) [14] QxT ExT TxT TxT TxI TxI
a The sequences presented are obtained from the most studied isoform of that species or the isoform for which the tertiary structure is known. Deviations from the TxT
consensus sequences are marked with bold.
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ond row of the threonines in the TxT motifs are highly conserved,
the threonines here initiate the ice contact and that the less con-
served ﬁrst row of threonines subsequently interacts with the ice
after reorienting any bulky R-groups [10].
In the present paper we study the effect of site directed muta-
genesis in the IBS of the antifreeze protein Rhagium mordax anti-
freeze protein isoform 1 (RmAFP1) from the beetle R. mordax.
This 136 amino acid protein consists of six TxTxTxT motifs contain-
ing a total of three non-Ts in the IBS (Table 1). We substituted two
of the putative intrusive amino acids (H21 and K23), separately
and combined, with threonines to obtain more consistent TxTxTxT
motifs. Furthermore, a mutant was created with an additional coil
inserted, i.e. an additional IBD, to increase the size of the ice bind-
ing surface area. For comparison, variants of the AFP with muta-
tions outside the IBS were made. The resultant antifreeze
activities of the mutants were examined and compared to the wild
type (WT) RmAFP1.
2. Materials and methods
2.1. Gene design and cloning
Based on the crystal structure of an AFP from Rhagium inquisitor
[16] (RiAFP, PDB ID: 4DT5), which is closely related to, and shows
76.5% amino acid identity with, RmAFP1, [17] the tertiary structure
of RmAFP1 was deduced using the modelling server Swiss-Model
[18–20]. The model was used to locate amino acids comprising a
complete coil of the protein. Two genes were then designed where
the coil was either removed or duplicated in the protein. The
resulting mutant AFPs are denoted ‘Coil’ and ‘+Coil’, respectively.
Through the model, apparently disruptive amino acids were iden-
tiﬁed in the IBS and genes were designed to substitute these with
threonine. Two variants with mutations outside the IBS were also
designed, functioning as controls. One of these had a C-terminal
tag added, consisting of ﬁve glycines, while the other had two ami-
no acids located on the non-ice facing side substituted with leucine
(T53L and T57L). Furthermore, a variant where the N-terminal
His-tag was not removed from theWT was also studied. These con-
trol mutants are denoted ‘AFP-Gly’, ‘AFP-Leu’ and ‘His-AFP’,
respectively.
Genes, ﬂanked by NdeI and HindIII restriction sites, encoding
for the seven AFP mutants were inserted into the pQE-2 expression
vector (Qiagen). The vector introduces an N-terminal His-tag to the
protein during expression. All variants of the rmafp1 genes were
designed with an additional lysine codon in the 50 end, just down-
stream the NdeI site. The lysine functioned as a stop amino acid
when the His-tag was enzymatically cleaved off with DapAse
(Qiagen). The ﬁnal constructs were transformed into Escherichia
coli BL21(DE3) competent cells.2.2. Expression and puriﬁcation
Expression of the proteins was carried out as previously de-
scribed [17]. The obtained heat treated cytosol was sterile ﬁltered
and applied to a HisTrap FF column with a column volume (CV) of
5 ml (GE Healthcare Life Sciences), using an Äkta FPLC system
(Amersham Pharmacia). The column was washed with 4 CV buffer
(50 mMNaCl, 10 mM imidazole, 25 mM Tris–HCl, pH 8). The bound
protein was eluted by applying an imidazole gradient from
10–200 mM in 8 min. All ﬂow rates were 2 ml/min. The fraction
containing AFP was collected and dialysed for 24 h
against > 1000  volumes of water (MWCO1000 Da) and subse-
quently lyophilised. To remove the His-tags the lyophilised protein
was resuspended in 20 mM NaH2PO4, 150 mM NaCl, pH 7.0 and
cleaved for 30 min at 37 C with a His-tagged DapAse enzyme
(Qiagen). The product was then applied onto a HisTrap FF column
(CV 1 ml) in order to remove enzymatically released histidine, any
remaining His-tagged recombinant protein and the DapAse en-
zyme. The ﬂow-through was dialysed as described above and
lyophilised. The lyophilised untagged RmAFP1 was dissolved in a
50 mM KH2PO4/K2HPO4-buffer pH 7.0 and dilution series spanning
1.2–0.075 mg/ml AFP were made and stored at 18 C until used.
The protein concentration was determined using the BCA assay
which was standardised based on an amino acid analysis
(Department of System Biology, DTU, Denmark) previously made
on RmAFP1.
2.3. Circular dichroism (CD) spectroscopy
The conﬁguration of the protein was monitored using a Jasco
J-715 circular dichrometer. Samples were measured in the far UV
spectrum (190–250 nm) using a 0.1 cm path-length quarts cuvette
holding 220 ll of sample containing 0.2 mg/ml protein dissolved in
50 mM KH2PO4/K2HPO4-buffer pH 7.0. All measurements were
performed at 10 C, at a scan rate of 50 nm/min.
2.4. Antifreeze activity measurement
The antifreeze activity was measured using a Clifton nanolitre
osmometer (Clifton Technical Physics, USA) as described elsewhere
[17].
3. Results
3.1. Site directed mutagenesis on the basis of the RmAFP1 model
Through the RmAFP1 model generated by the Swiss-Model ser-
ver, amino acids comprising a complete internal coil of the protein
were located (Fig. 1B and C) and were subject of the Coil and
+Coil mutants. The model also showed two apparently disruptive
Fig. 1. (A) Sequence of RmAFP1. H21, K23 and the mutated coil are marked with
bold blue. The putative ice binding sites are underlined. (B) and (C) Model of
RmAFP1 deduced from RiAFP. The blue amino acids in (A) are also drawn blue here.
Surface exposed amino acids in the IBS are drawn as sticks.
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tute these with threonines, both alone and combined, were also
designed. The resultant mutants are denoted ‘H21T’, ‘K23T’ and
‘H21T/K23T’.
3.2. Mutations outside the IBS
The hysteresis activity of all the non-IBS mutants (WT, AFP-Gly,
AFP-Leu and His-AFP) are plotted against the molar protein con-
centration in Fig. 2A. All three mutants show activity comparable
to the WT. The activity of these mutants, and the WT, show a linear
relation with the logarithm of the concentration (Fig. 2B). The
slopes of WT, His-AFP and AFP-Leu are very similar (Table 2) indi-
cating that these mutations did not affect the activity. The slope of
AFP-Gly is slightly lower, indicating that this mutation caused a
small impairment of the activity.3.3. Mutations inside the IBS
The results of the activity measurements of the IBS mutants
(H21T, K23T, H21T/K23T and +Coil) are presented in Fig. 2D to-
gether with the WT. The mutant Coil showed no activity. The
other mutants showed a signiﬁcant larger increase in antifreeze
activity than the WT when the concentration was initially in-
creased. At 20 lM the most potent mutants (H21T/K23T and +Coil)
showed twice as high activity as the WT. However, the activities of
the mutants seemed to level off faster than the WT, hence the en-
hanced activity is less pronounced at higher concentrations.
Among the mutants, the H21T variant showed the lowest activity
and is only more active than the WT at concentrations below
65 lM. The K23T mutant is slightly more active than the H mutant,
and only more active than the WT at concentrations below
105 lM. The H21T/K23T mutant is more active than both the
H21T and K23T mutants, and showed higher activity than the
WT throughout the measured concentrations, as did the +Coil
mutant. When plotting the activity of these mutants against the
logarithm of the concentrations we did not obtain linear relations
(Fig. 2E) as was the case with the non-IBS mutants (Fig. 2B).
Linear relation was, however, obtained when plotting the activity
against the inverse logarithm of the concentration (Fig. 2F). Here
it was also seen that the H21T, K23T and H21T/K23T mutants
had almost identical slopes (but different intersects), while the
+Coil mutant had a steeper slope, thus showing increasingly higher
activity than the other mutants with increasing protein concentra-
tion. The equations describing all activity curves are presented in
Table 2.
The relative amounts of WT protein needed to evoke the same
hysteresis as the mutants are presented in Fig. 3. It requires close
to the same concentration (100%) of the WT to obtain the activities
evoked by the non-IBS mutants (AFP-Leu and His-AFP depicted).
The mutants H21T/K23T and +Coil, however, show an increase to
above 300% of the WT concentration at the peaks around 4.0–
4.5 C hysteresis. Hence, to obtain a hysteresis of 4 C it requires
three times higher protein concentration of the WT than is needed
of the H21T/K23T mutant. Above 4.5 C the antifreeze activity
curves decreases again, and by extrapolating the data we see that
at 6.1 C and 6.5 C the curves (for H21T/K23T and +Coil, respec-
tively) are below 100%. Here, a lower concentration of WT protein
is needed than of the H21T/K23T or +Coil mutants to evoke the
same antifreeze activity.
3.4. Protein fold of impaired mutants
The folding of the inactive Coil mutant and the slightly im-
paired AFP-Gly mutant were assessed via CD and compared to
the WT. The mean residual ellipticity presented in Fig. 4 was calcu-
lated using the protein masses of 12543 g/mol 12829 g/mol and
10752 g/ml for the WT, AFP-Gly and Coil proteins consisting of
137 residues, 142 residues and 117 residues, respectively. The
spectrum of the AFP-Gly mutant deviates slightly from that of
the WT while the spectrum of the Coil mutant clearly diverges
from the WT, demonstrating that the removal of the coil has lead
to a major change in protein structure.
4. Discussion
A number of site-directed mutagenesis studies have been car-
ried out where disruptive residues were introduced to elucidate
the features of the IBS or its location on the protein surface in both
ﬁsh [21–24] and insect [7,25,26] AFPs. In contrast, in the present
study we removed the naturally occurring amino acids in the IBS
that are presumed to disrupt the binding to ice and observed an
improvement of the antifreeze activity. In the H21T/K23T mutant,
Fig. 2. Activity measurements of all RmAFP1 variants after different data transformations. Closed tags are non-IBS mutants (N: WT,j: AFP-Leu,d: AFP-Gly, : His-AFP). Open
tags are IBS-mutants (4: H21T,s: K23T,h: H21T/K23T, }: +Coil). The WT is depicted with a dotted line. (A–C) Activity of non-IBS mutants versus regular, log and inverse log
transformed concentrations, respectively. (D–F) Activity of IBS-mutants and the WT versus regular, log and inverse log transformed concentrations, respectively. Error bars in
(A) and (D) represents standard deviations (n = 4–8).
Table 2
The equations of the activity curves of the various proteins along with the correlating
R2 valuea.
Protein Equation R2
WT Y = 3.82⁄log(x)  2.71 0.998
H21T Y = 5.31⁄log(x)1 + 7.17 0.994
K23T Y = 5.16⁄log(x)1 + 7.57 0.996
H21T/K23T Y = 5.52⁄log(x)1 + 8.47 0.998
+Coil Y = 6.70⁄log(x)1 + 9.32 0.998
AFP-Gly Y = 3.27⁄log(x)  2.30 0.997
AFP-Leu Y = 3.53⁄log(x)  2.72 0.995
His-AFP Y = 3.54⁄log(x)  2.23 0.989
a All equations are based on 5 data points. Each data point is an average of 4–8
activity measurements. 0 
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Fig. 3. Illustration of the relative amount of WT AFP required to obtain similar
activities of the mutant protein. Note that the curves on the graph have been
extrapolated beyond the data points based on the equations in Table 2. }: +Coil, h:
H21T/K23T, : His-AFP, j: AFP-Leu. The dotted line at 100% corresponds to the WT.
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a single residue were replaced (H21T or K23T mutants), indicating
that the effects of the substitutions are cumulative. No signiﬁcant
change in activity was seen for AFPs that were mutated outside
the IBS.
Within the eight known isoforms of the RmAFP, [17] position 21
is occupied by H in four isoforms, N in two isoforms and T in two
isoforms, whereas position 23 is occupied by K in all cases. The clo-
sely related R. inquisitor expresses an AFP that is structurally very
similar to those found in R. mordax [27] and in this protein the
H21 and K23 are also preserved (Table 1). Their preservation
among the isoforms and species suggests that the apparently dis-
ruptive residues H21 and K23 are functional. The observed im-
proved activity upon their replacement suggests that their
functionality might be separate from that of the ice binding threo-
nine residues. An alternative functionality may for instance be at
the translocation stage of the protein, or maybe in interaction with
non-AFPs. The transcription of six isoforms of AFPs in C. fumiferana
show a developmental speciﬁc expression pattern [28] and AFPsfrom Microdera punctipennis show transcription during the sum-
mer [29] which indicates that the AFPs have some other functions
than antifreeze activity. Hence, the irregularities in the IBS, both in
RmAFP1 and in general, could be related to these functions.
When making alterations to a native protein there is a risk of
impairing its structural stability. The structural analysis performed
with CD showed that the spectrum of the AFP-Gly mutant, which
had a slightly decreased activity, resembled that of the WT
(Fig. 4). These curves peak at the same wavelengths, but show a
slightly difference in signal strengths. This could partly be due to
a small difference in protein concentration. The change in activity
of this mutant could thus be due to some other factor than struc-
tural change. The CD spectrum of the Coil mutant shows a clear
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Fig. 4. Mean residue ellipticity of WT AFP (dotted line), AFP-Gly mutant (solid line)
and coil mutant (dashed line). Curves are based on averages of three
measurements.
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tion had caused an extensive structural change which is most
likely the reason for the lack of antifreeze activity. The +Coil mu-
tant, however, seems to have maintained its structure as it shows
high antifreeze activity. The occurrence of different numbers of
coils in the AFPs is also observed among isoforms in several species
of insects [11,30–32] and, where tested, the larger isoforms were
the most active. However, there is seldom more than a few coils
difference between the isoforms, thus there seems to be an upper
limit to the number of coils that would beneﬁt the AFPs. This is also
supported by the results of Marshall et al. [33] following removal
or addition of coils in the Tm4-9AFP isoform. Mutants lacking a coil
showed strongly reduced activity, while mutants with one and,
especially, two extra coils showed enhanced activity. Additional
coils resulted in only slightly higher activity than the WT. Some
observations indicate that the size of the AFP itself has an effect
on the activity, e.g. fusing green ﬂuorescent protein to RiAFP re-
sulted in increased activity [16]. Similar results have been ob-
served for ﬁsh AFPs [34,35]. However, when fusing two AFPs,
hence increasing the ice binding area, the increased activity is
much more pronounced [35,36]. Thus, the activity of the AFPs
can be affected in several ways through genetic manipulation,
and there could be a large potential for improving the antifreeze
activity this way.
The activity of WT RmAFP1 shows a linear relation with the log-
arithm of the concentration, as also seen in the closely related RiA-
FP [37]. However, none of the activities of the IBS mutants showed
this relation. Here we found a linear relation when plotting the
activity against the inverse logarithm of the concentration. All mu-
tants with intact IBS show the same log linear relation as the WT.
Hence, the change in the activity seems to be related to the manip-
ulation of the IBS, whether single amino acid substitutions or inser-
tion of an entire coil. Mutations made within an AFP from the ﬁsh
Pseudopleuronectes americanus gave similar results, as the activity
of the wild type showed a linear relation with the square root of
the concentrations, while the mutants showed slightly curved rela-
tions [38]. The reason for the changed activity curves could be a
change in the binding pattern caused by an increased or decreased
afﬁnity for speciﬁc planes on the ice crystal. This is supported by
the fact that many mutational studies have reported a change in
ice crystal morphology during activity measurements [26,39,40].
The activity of the mutants with modiﬁed IBS showed linear
relation with inverse log transformation of the concentration
(Fig. 2E). Interestingly, the slopes of H21T, K23T and H21T/K23T
mutants are parallel while the slope of +Coil is steeper. This couldbe a result of two factors acting together – ﬁrstly, an increase in the
number of ice binding threonines as the case for the other IBS-mu-
tants, and secondly, an increase in protein size could increase the
activity.
The different nature of the activity curves implies that the IBS-
mutants show a larger increase in antifreeze activity than the WT
(and the non-IBS mutants) when the concentration is initially in-
creased, but at high concentrations this difference will level out
and ﬁnally the WT will show the highest activity. Thus, the pres-
ence of the IBS irregularities might be connected with the possibil-
ity of achieving high antifreeze activities, though the mechanism is
not yet understood. However, this study also shows that it is pos-
sible to make the AFPs better at achieving intermediate antifreeze
activities, which is a step towards tailoring antifreeze protein for
future technological applications of the proteins.Funding source statement
This work was supported by grant 10-082261 from The Danish
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